Key message Anatomical features of Pinus flexilis under warmer and drier conditions along an altitudinal transect revealed a shorter growing season and shifts in the timing of wood formation. Abstract Future climate change driven by greenhouse warming is expected to increase both frequency and severity of drought events and heat waves. Possible consequences for forest ecosystems include changes in foundation species and extended die-off phenomena. We investigated tree growth under the set of biotic and abiotic conditions, and their interactions, that are expected in a drier and warmer world using mountain observatories designed to capture elevation gradients in the Great Basin of North America. Stem cambial activity, wood anatomy, and radial growth of limber pine (Pinus flexilis) were examined at two different elevations using automated dendrometers and repeated histological microcores in 2013-2014. Mean annual temperature was 3.7°cooler at the higher site, which received 170 mm year -1 of precipitation more than the lower site. Mean air temperature thresholds for xylogenesis computed using logistic regression were 7.7 and 12.0°C at the higher and lower site, respectively. No differences in the onset date of cambial activity were found under such naturally contrasted conditions, with the global change analog provided by the lower site. Growing season was shortened by increasing drought stress at the lower site, thereby reducing xylem production. Stem expansion was only detectable by automated dendrometers at the higher site. Using elevation to simulate climatic changes and their realized ecosystem feedbacks, it was possible to express tree responses in terms of xylem phenology and anatomical adaptations.
Introduction
Future climate change driven by greenhouse warming is expected to increase both frequency and severity of drought episodes (e.g., Cook et al. 2014 Cook et al. , 2015 , with drastic changes in the composition and distribution of plant species. Possible scenarios for forest ecosystems include changes in species composition, including the disappearance of multiple taxa (Thomas et al. 2004) , some of them key or ''foundation'' species (Ellison et al. 2005) , upward shifting of ecosystems (Parmesan and Yohe 2003) , and extended die-off phenomena (Anderegg et al. 2013) . Plant demography studies based on permanent plots (Gustafson and Sturtevant 2013) , tree rings (Takahashi and Okuhara 2013) , and palaeoecological data (Tinner et al. 2013 ) have been used to predict the future distribution of species and ecosystems, but some questions still remain. For instance, the two phylogenetically similar pinyon species Pinus edulis Engelm. and Pinus monophylla Torr.&Frém., which occupy large adjacent areas of the western US, have shown divergent dynamics during recent drought episodes, with P. edulis dying over large areas of the Intermountain West (Breshears et al. 2005) and P. monophylla expanding in the Great Basin (Biondi and Bradley 2013) . Direct measurements of the macrosystem-level interaction between climate and forests can be obtained using detailed analysis of tree growth along orographic gradients Ziaco et al. 2014a) . Such natural experiments help constraint simulation model results, which may not fully capture the complexity of interactions between biotic and abiotic components in determining the fate of forest landscapes as a consequence of changing climatic conditions (Worth et al. 2014) . In western North America, strong elevation gradients in climate and vegetation are associated with the presence of climate-sensitive species, such as the iconic bristlecone pine (Pinus longaeva D. K. Bailey), which has been studied by dendrochronologists for decades (LaMarche 1969; LaMarche and Mooney 1972) . Climatic drivers of tree-ring features, when determined using multivariate methods, are still a subject of investigation (e.g., Salzer et al. 2014) , especially because statistical tools can be hampered by temporal nonstationarity, also known as the ''divergence problem'' (D' Arrigo et al. 2008) .
Among potential climate effects on forest ecosystems, shifting plant phenology has received worldwide attention (Cleland et al. 2007) . Of particular interest is the impact that anticipated or delayed tree growth might have on biogeochemical cycles (Xia et al. 2015) and species distribution (Chuine and Beaubien 2001) . The effects of climate change on tree phenology have been investigated mostly in temperate and boreal ecosystems, for which an extension of the growing season is usually expected as a consequence of warming, because of earlier onset in the spring (Menzel and Fabian 1999) or delayed cessation in autumn . In arid and semi-arid regions, including the southwest USA (Perry et al. 2012) , there are difficulties in predicting the balance between increased evapotranspiration, changes in water-use efficiency, and photosynthesis (Le Houérou 1996) . Since phenological responses to climate depend on local conditions (Nord and Lynch 2009) , a wide range of responses may be expected (Cleland et al. 2007) , and in situ observations are crucial to improve the predictive quality of phenological models (Richardson et al. 2012) .
Cambial phenology (e.g., onset/offset of wood formation) and xylem anatomical properties can serve as useful indicators of plant short-term adaptations to mutating external conditions (Steppe et al. 2015) . Internal processes like cellular division and differentiation integrate information about plant physiological responses to climatic conditions (Deslauriers and Morin 2005) and resource availability (Vieira et al. 2015) . Wood tracheids, while providing conduit for water and nutrients, depend on mechanical and physiological trade-offs between structural development and resistance to drought (Sperry et al. 2006) . Variability of wood anatomical parameters can then be used for retrospective studies of past hydraulic adjustments to water availability (Bryukhanova and Fonti 2013) . The improvement of digital image analysis techniques has allowed climate-growth studies at the cellular level through the observation and measurement of anatomical features (Vaganov et al. 2006) . Cellular dimensions, for instance, can be directly linked to the hydration status of the tree at the time of cell formation (DeSoto et al. 2011; Olano et al. 2012) as variations of lumen area usually correspond to changing levels of water conductivity (McCulloh et al. 2010) . Physiological processes that determine intra-annual density fluctuations (IADFs) are also closely linked with climate variability, especially in relatively dry environments (Campelo et al. 2013; de Luis et al. 2011; Rozas et al. 2011) . Overall, intra-annual dynamics of tree-ring formation (Oberhuber et al. 2014) and anatomical variables are increasingly being considered in dendroclimatic reconstruction to highlight climategrowth relationships on sub-monthly time scales (Liang et al. 2013; Panyushkina et al. 2003; Szymczak et al. 2014) .
Limber pine (Pinus flexilis James), a five-needle species found in western North America over wide geographical and elevation ranges (Rundel and Yoder 1998) , was used in this study to evaluate tree growth under contrasting conditions: cool and wet vs. warm and dry. The low-elevation mountain site was considered as a natural analog to simulate future changes under greenhouse forcing scenarios (Cook et al. 2014) . Climatic influence on tree growth were tested using cellular and stem phenology measured at two monitoring stations in a Great Basin mountain observatory (Mensing et al. 2013) , where temperature and precipitation change linearly with elevation. Our main research questions were (a) how is climate reflected in the phenology of xylem production? and (b) what modifications are found in anatomical traits of coniferous wood under warmer and drier conditions? Orographic differences provided us with a natural experiment to simulate climatic changes and their realized ecosystem feedbacks. By quantifying the start, duration, and end of the growing season, we aimed at investigating morpho-physiological adaptations to climate in wood anatomy.
Materials and methods

Study sites
Trees were sampled at the Nevada Climate-ecohydrological Assessment Network (NevCAN), which consists of two valley-to-mountain transects established between 2010 and 2013, where each station is equipped with a set of sensors mounted on a 10-m tall tower, including standard meteorological instruments and a remotely controlled web camera. Soil moisture probes and tree sensors, such as automated point dendrometers, are located within the tower footprint. Soil water content (% volume for the top 30 cm of the soil) is measured near each instrumented tree. Two NevCAN sites located on the western side of the Snake Range, and separated by a linear distance of *2.6 km and an elevation of *550 m, were sampled for this study (Fig. 1) (Johnson et al. 2014) .
Dendrometer records and microcore collection
A total of 11 limber pines (5 at the Montane site and 6 at the Subalpine site) were sampled for histological analyses; 9 of those trees (3 at the Montane site; 6 at the Subalpine site) were also equipped with automated point dendrometers. Selected trees had comparable diameter at breast height (DBH, measured at about 1.3 m from the ground) and height to minimize the effect of tree size on ring width and anatomical features (Anfodillo et al. 2012; Carrer et al. 2015) . Limber pine stem ages varied between about 50 and 100 years at both sites. Dendrometers were installed on the stem between 0.3 and 1.3 m from the ground, depending on the presence of branches, and some outer bark was shaved off to minimize the effect of bark swelling and shrinking. Point dendrometers measure the horizontal linear displacement of a sensing rod using a differential transformer to turn stem changes into an electrical signal with a resolution of 4 lm over a range of 15,000 lm (Biondi and Hartsough 2010) . Stem size measurements at half-hourly intervals from October 2012 to September 2014 were smoothed to highlight the diel cycle of contraction and expansion using task-specific software . Hourly and daily averages were combined in a sitewide composite, to enhance signal-to-noise ratio for the whole stand. Three time series were computed from dendrometer records: (1) anomalies (deviations from the longterm mean); (2) daily stem increments (obtained by subtracting the previous day maximum size from the current day maximum size); (3) cumulative stem increments (obtained by adding the daily stem increments). Cumulative stem increments were summarized at 7-day intervals to highlight radial size variation. During 2013-2014, 286 microcores (1-2-cm long, about 1 mm in diameter) were extracted between June and September using either a surgical bone marrow needle or a Trephor (Rossi et al. 2006a) . Usually a microcore included the developing ring and 5-15 previous tree rings. Wood microcores were collected at breast height following a spiral pattern. Coring points were separated by at least 5 cm in linear distance to avoid resin ducts formed after prior sampling (Dufour and Morin 2013) . Given the remoteness and difficult access of the study area ( Fig. 1 ), microcores were obtained at biweekly frequency. Immediately after extraction, microcores were stored in a 50 % ethanol solution to prevent tissue deterioration, and kept refrigerated during transport to the laboratory.
Xylogenesis analysis
At the DendroLab, wood microcores were processed according to published methods (Lupi et al. 2014) . First, samples were dehydrated with ethanol and Protocol SAFECLEAR II (a non-toxic substitute for xylene), and then embedded in paraffin blocks. Several transversal sections, 7-10 lm thick, were cut with a rotary microtome, and then mounted on microscope slides. Paraffin was removed from the slides with successive baths in SAFE-CLEAR II and pure ethanol, and sections were stained with cresyl violet acetate (0.10 % aqueous solution). Within 10-25 min from staining, sections were analyzed under a Nikon Eclipse Ci-L compound microscope with 200-4009 magnification using visible ( Fig. 2) and polarized light to differentiate the developing xylem cells. Cambial [C] and enlarging [E] cells were characterized by thin primary walls, appearing as a black belt under polarized light (Gričar et al. 2006) . Cells undergoing active deposition of the secondary wall, or wall thickening cells [W] , appeared purple under polarized light, while mature cells [M] were blue. Cells in each maturation phase (i.e., n e , n w , n m ) were counted along three radial files (Deslauriers and Morin 2005) . To account for the natural variability of ring width among samples collected at different points along the stem circumference, and to reduce noise in the data, cell counts were standardized by the total number of cells in the previous three rings (Rossi et al. 2003 ). Standardized cell counts were then averaged by tree and by site.
The timing of wood formation can be modeled by interpolating cellular counts with various mathematical functions (Kahm et al. 2010 ). To analyze cell production rates, and define the onset and offset of xylem formation, the cumulative sums of total cells (n ewm = n e ? n w ? n m ), wall thickening and mature cells (n wm = n w ? n m ), and mature cells only (n m ) were fitted with a Gompertz growth model using non-linear regression (Lupi et al. 2010; Rossi et al. 2003) . The Gompertz function is defined as:
where y is the cumulative sum of cells in a given maturation stage, A is the upper asymptote given by the total number of cells, b is the axis-placement parameter, j is the rate of change parameter, and t is the Julian day of the year (DOY). Each phenological phase started when the first complete row of cells in that particular maturation stage had appeared (e.g., when y = 1). In a strict sense, xylogenesis begins with cambial division in spring, prior to the production of newly formed cells (Savidge 2001) . Xylogenesis can also refer to xylem differentiation, whose onset corresponds to the appearance of the first enlarging tracheid (Rossi et al. 2013) . Xylogenesis offset was defined by the absence of cells undergoing active wall thickening. Timing of phenological stages was determined according to established procedures (Rossi et al. 2003) , with the inflection point of the Gompertz function giving the maximum growth rate (Rossi et al. 2006b ). Cell production rate (n day -1 ) was calculated as the ratio between the increment in number of cells (n ewm ) and the number of days between two consecutive samples. At the end of the growing season (i.e., in latewood), negative cell increments were possible when the weekly n ewm was lower than its previous values. Therefore, only positive cell production rates were compared to stem size changes derived from dendrometer traces. A square root transformation was applied to cell production rates to reduce heteroscedasticity (Deslauriers and Morin 2005) , and then relationships with climatic variables were evaluated by means of linear correlation and regression.
Temperature thresholds for xylogenesis were computed using a logistic regression model . Each site-wide Gompertz function was transformed into a binary variable, using ''0'' for inactive cambium (e.g., dates prior to xylogenesis onset) and ''1'' for active cambium (e.g., dates after the onset). The logistic regression model can be expressed as:
with p x being the probability of active xylogenesis at a given temperature x on a given day j, and b 0 and b 1 representing the intercept and slope of the regression. Temperature thresholds were computed for a 0.5 probability of having xylogenesis, thus when Logit(p x ) = 0, and x = -b 0 /b 1 (Rossi et al. 2007 ). Numerical analyses were performed in the R software environment (R Core Team 2015).
Anatomical measurements
Wood anatomy was analyzed on transverse sections cut from microcores collected after the end of the growing season. Sections were stained with safranin (0.50 % aqueous solution), and permanently mounted on microscope slides using Permount TM mounting medium . Highly contrasted black and white images were taken at 100-2009 magnification with a Lumenera Infinity1 digital camera mounted on a Nikon Eclipse Ci-L microscope, and analyzed with the WinCELL software (Guay 2013) . Anatomical features included lumen area (LA), cell wall thickness (WT), cell radial diameter (CD), and wall-to-cell ratio (WtC), all measured along 6-10 radial files within each ring, and then averaged by year and by site. To make wood anatomy data comparable between sites, each anatomical parameter was represented as a standardized tracheidogram (Vaganov 1990 ). Standardized tracheidograms were developed using the tgram R package (DeSoto et al. 2011 ) with a standardized number of 22 cells, i.e., the mean number of cells found at our study sites.
Earlywood and latewood cells were defined following the criterion used by the WinCELL software, which is equivalent to ''formula 2'' in Denne (1988) . Anatomical parameters were then computed for the whole ring, and separately for earlywood and latewood. Normality of anatomical parameters was evaluated using a ShapiroWilk test, and homogeneity of variances was assessed using a non-parametric, bootstrapped, modified Levene test based on absolute deviations from the median (R package lawstat). Because the assumption of normality was not met by all anatomical parameters, a Kruskal-Wallis test was performed to detect significant between-sites differences of anatomical parameters. Cellular counts, wood anatomical parameters, and point dendrometer records were analyzed with respect to climatic and soil variables at daily intervals for two water-years, 2013 and 2014. A ''water-year'' begins on October 1 of the previous calendar year and ends on September 30 of the current calendar year (Redmond and Koch 1991) .
Results
Climatic parameters recorded at sub-hourly intervals during 2011-2014 (Fig. 1) show the difference between the lower site (Montane) compared to the higher one (Subalpine). Mean annual temperature is on average 3.7°cooler at the higher site, whose annual precipitation is on average 170 mm year -1 more than the lower site. During the 2013 and 2014 water years, precipitation at the Subalpine site exceeded that of the Montane site by *44 % (Table 1) , and average maximum temperature (T max ) was lower by 5.6°C in both years. Spring (April-May) in 2014 was warmer and drier than in 2013, with average minimum temperature (T min ) 0.6-0.8°C higher, and with total precipitation about 40 % less in 2014 at both sites (Table 1) . Precipitation regime also varied between the 2 years, so that summer (June-August) precipitation in 2014 accounted for about a quarter of the water-year precipitation (22 % at the Subalpine, and 25 % at the Montane site), whereas in 2013, which was overall wetter, summer precipitation was 12 % of the water-year at the Subalpine site, and 14 % at the Montane one.
The Gompertz growth model well represented the patterns we found in cell counts for all maturation phases. The onset of xylem production (Table 2) occurred at the end of May (DOY 151) at the lower elevation, and a few days later, during the first week of June (DOY 152 in 2013 and DOY 156 in 2014) , at the higher one ( Fig. 3 ; Table 2 ). No differences emerged between the two water years concerning the onset of wood production, even after a fallspring period (October 2013-May 2014) considerably drier than the previous year (Table 1 ). In 2013, the onset of cell wall thickening was delayed about 1 week at the higher site, with cells undergoing deposition of secondary walls appearing on DOY 159 (June 8) at the Montane site, and on DOY 166 (June 15) at the Subalpine site. In 2014, cell wall thickening still began earlier at the lower elevation, but later than in 2013 at both sites ( Table 2 ). The process of cell maturation was even more different between sites: fully formed cells appeared at the Montane site already in the third week of June in 2013 (DOY 173) and 2014 (DOY 170), while at the Subalpine site cells completing their maturation appeared more than 2 weeks later, on DOY 191 (July 10) in 2013 and on DOY 185 (July 4) in 2014 (Table 2) .
Cell production reached its peak (Fig. 3 ) about a week after the onset of xylem differentiation (DOY 159) at the Montane site, and about 2 weeks later, in the last week of June, at the Subalpine site. At the lower elevation, the final number of cells was reached in early July, when no newly formed enlarging cells were present, while active cellular division continued until mid-to late-August at the Subalpine site (Fig. 3a, b ; Table 2 ). Latewood formation at the Subalpine site started during the first week of September in 2013, and lasted about 14 days, while in 2014 latewood cells appeared about 2 weeks earlier, in mid-August (Fig. 3a, b) , preceding the completion of cell maturation in mid-September. At the Montane site, latewood cells appeared in the second half of July, and were about a week earlier in 2014 than in 2013 ( Table 2 ). As cells were going through the deposition of secondary wall, the formation of latewood cells at the Montane site corresponded with decreased water availability and prolonged heat stress, leading to the complete maturation of all cells (i.e., the end of xylogenesis) by mid-August (Fig. 3c, d) .
The average number of tracheids per ring was usually less than ten (8 ± 2 in 2013 and 9 ± 3 in 2014) at the lower site, three to four times less than at the higher site (39 ± 14 cells in 2013 and 31 ± 6 in 2014). The growing season for P. flexilis lasted approximately 75 days at the Montane site, while at the Subalpine site tree ring formation was completed in 89-107 days ( Table 2 ). The period of active cellular growth (enlargement phase), remained constant during both years, lasting 1 month at the Montane site and more than twice (*2.6 months) at the Subalpine site (Table 2) .
Stem size, as recorded by point dendrometers, increased at the Subalpine site throughout the growing season (Fig. 3a, b) . Mean 7-day stem increment was significantly positive between the end of May and the first week of June, in general agreement with xylogenesis patterns derived from cellular measurements at the Subalpine site. At the Montane site, 7-day stem increment remained close to zero throughout the entire growing season, making it impossible to define the onset of stem radial enlargement (Fig. 3c, d) . Continuous radial shrinkage, totaling 0.2-0.5 mm, was observed between the spring melting of the snowpack and the August precipitation. Cell production rates and cumulative stem increment, which were directly correlated at both sites, showed reduced growth at the warmer and drier site (Fig. 4) . At the Montane site, minimum air temperature had the highest correlation with the number of new cells formed per day (Pearson's r = -0.97, p = 0.005). Soil water content at the lower elevation was directly correlated with stem increment measured by the dendrometers (r = 0.97, p = 0.006).
Daily air temperature thresholds at which tracheid formation had a 0.5 probability to occur were averaged by site (Fig. 5) . The threshold for mean temperature was 4.3°h igher at the Montane site (12.0°) than the Subalpine one (7.7°), and the difference was larger when considering maximum temperature (19.9°and 13.3°at the Montane and Subalpine site, respectively). Thresholds for minimum temperature were less different between sites (5.2°at the lower elevation and 2.7°at the treeline), but still in the same direction with regard to climatic controls of wood production, and ultimately tree growth and ecosystem productivity. Standardized tracheidograms (Fig. 6) highlighted the difference between elevations, as wood cells formed at the Subalpine site had tracheid size, in particular lumen area (LA) and cell diameter (CD), larger than at the Montane site (Table 3 ). Average area of conduit lumens in the earlywood (LA ew ) was significantly different between the two sites ( Table 4) . Lumens of tracheids formed in June, the most active month for cell formation, were about 73 % wider at the Subalpine than at the Montane site (Fig. 6a) . At the interannual level, the reduced amount of spring precipitation in 2014 led to a modest contraction (-2 %, not statistically significant) of average lumen size in tracheids formed early in the season (LA ew ) at the Subalpine site (Table 3) . Cell wall thickness (WT) was similar at both sites, with no differences between average wall thickness in the earlywood and latewood (Fig. 6b) . Thus, given the differences in cell lumen mentioned above, tracheids had on average a wider radial diameter at the Subalpine site; CD ew was ?21 and ?29 % in 2013 and 2014, respectively ( Fig. 6c; Table 4) . Consequently, the wall-to-cell ratio (WtC) was significantly higher at the Montane site ( Fig. 6d; Table 4 ), and the boundary between earlywood and latewood was determined by tracheid lumen. The majority (*70 %) of trees at both sites had very narrow latewood bands (Fig. 2) .
Discussion
The arid and semi-arid environments of the southwest US are expected to experience a drier and warmer future (Cook et al. 2015) ; understanding plant physiological and anatomical responses to a changing environment, therefore, helps with predicting the fate of forest ecosystems in this region. Simulating climate-ecosystem interactions can be hampered by non-linear interactions between biotic and abiotic factors, including microclimatic effects of vegetation cover on soil properties, either physical, such as soil temperature (Harte and Shaw 1995) , or chemical, such as soil nutrients (Johnson et al. 2014) . Temperature is indeed a primary driver of cambial activity, in particular for interrupting winter dormancy (Gruber et al. 2010; Lenz et al. 2013; Oribe and Kubo 1997; Seo et al. 2008) . Cambial reactivation can even be artificially triggered by the localized heating of stem portions in the spring (Gričar et al. 2006) . Sensitivity of xylogenesis to temperature generally increases at high elevations, where trees can benefit from warmer conditions to begin cambial activity earlier in the season . In temperate and cold climates, the temporal window of cambial activity becomes shorter with increasing altitude (Moser et al. 2010) , in agreement with a general extension of plant phenology under milder climatic conditions (Boulouf Lugo et al. 2012) . Similarly at high latitudes, i.e., in boreal forests, water availability does not limit tree growth, and cambial activity benefits from increasing temperature, hence a longer growing season can be expected as a consequence of climate warming .
Research conducted on temperature-limited environments, either at high elevations or at high latitudes, is best viewed in conjunction with studies for relatively dry environments, which are vulnerable to even moderate increases in air temperature and water stresses (Allen et al. 2010; Breshears et al. 2005) . Conifers experiencing pronounced summer drought show a period of reduced cambial activity during the dry season (Vieira et al. 2013 (Vieira et al. , 2015 , and studies conducted in the Mediterranean region have found that tree-growth cessation in Pinus pinaster Aiton was actually triggered by low water availability . Our results relate closely with some of those studies, as growing season length was considerably shorter at the lower, i.e., drier and warmer, elevation.
Overall, the most significant differences were found in the timing of cambial phenophases, in particular the offset of xylogenesis, on a spatial scale (i.e., between sites) rather than a temporal one (i.e., between years). The beginning of cellular enlargement and wall thickening was essentially simultaneous across elevations, while the appearance of mature cells was delayed by more than 2 weeks at the higher site. Maximum growth rate at the Subalpine site occurred close to the summer solstice, suggesting a connection with photoperiod. To achieve the complete formation of secondary walls of newly formed tracheids before the beginning of the cold season, trees growing at treeline synchronize their growth rates with daylength (Rossi et al. 2006b ), as confirmed by recent phenological observations conducted at the same study site on bristlecone pine (Ziaco et al. 2016) . Analogously, temperature thresholds for xylogenesis at the Subalpine site were in agreement with temperatures that identify treeline position on a global scale (Körner and Paulsen 2004) . Temperature thresholds for xylem production at lower elevations are lacking, hence our contribution ameliorates a knowledge gap, especially considering the 4.3°C difference at the Montane site. Maximum growth rates, which occurred shortly after the beginning of tree-ring formation at the b Fig. 3 Dendrometers records, Gompertz functions, and climate variables for years 2013-2014 at the Subalpine (a, b) and Montane (c, d) sites. Dendrometers: stem size anomalies recorded by point dendrometers (red lines), and their site composites (black thick line; scale is shown on the left y-axis). Cumulative stem increments were summarized at 7-day intervals (green boxplots; scale is shown on the right y-axis). Gompertz: biweekly measurements of total cells (n ewm ) ± standard deviation (black dots with gray bars) were fit with a Gompertz function (black solid line). The Gompertz functions for total wall thickening (n w ; dashed purple line) and mature cells (n m ; dotted blue line) are also shown, together with daily cell production rates (gray circles). Background brownish area represents the overall duration of xylogenesis detected using the Gompertz functions, from the appearance of the first enlarging cell to the complete maturation of the last wall thickening cell (light brown for earlywood; dark brown for latewood). Climate: mean daily temperature (black line) was plotted within the gray-shaded area defined by mean daily maximum and minimum temperature, and overlaid with mean monthly temperature (solid red line). Total daily precipitation (blue bars) was plotted within the light blue-shaded area defined by relative soil water content (SWC; measured at 0-30 cm depth) (color figure online) Fig. 4 Scatterplot and regression line between cell rate production and cumulative stem increment at the two study sites (Mon = Montane; Sub = Subalpine) during both years. Cumulative stem increment was derived from the stand composite of dendrometer traces (see Fig. 3 ). Cell production rate (number of cells per day) was calculated as the difference between biweekly cellular measurements using all available microcores (see Fig. 3 ). The number of points (5 for Montane, 7 for Subalpine), therefore, refers to the number of cell production increments during active xylogenesis Montane site, also indicates that trees in drier and warmer conditions rapidly exploit soil moisture made available by snowmelt before the arrival of peak summer drought. At the Montane site, because of very low cell production rates, dendrometer records did not detect stem increases, which were instead clearly detected at the Subalpine site. Trees were unable to recover water lost through transpiration during the day, and the formation of relatively few or no cells did not compensate for stem drying, leading to undetectable radial increment at the drier and warmer site, as normally happens in Mediterranean environments (Vieira et al. 2013) . As growing season length regulated wood formation, it led to reduced stem increment, a proxy for overall tree growth and ecosystem productivity, at the lower elevation. At both sites, with the arrival of late summer and fall precipitation, when the vascular cambium was already dormant, the outermost tissues (e.g., phloem and residuals of inner bark) were rehydrated, causing stem expansion without formation of new xylem (Biondi and Rossi 2015) . Therefore, if considered independently of histological analysis, dendrometer records could have estimated the onset of P. flexilis radial growth at the Subalpine site, but not at the Montane one. Furthermore, the variability in daily stem shrinkage and expansion caused by fall precipitation would have made it nearly impossible to define the end of annual tree-ring formation.
Both wood cell formation and dendrometer records showed few significant relationships with environmental variables. In these mountain environments, precipitation is associated with cloudy skies, reduced evapotranspiration, and lower air temperature (Biondi and Rossi 2015) , hence correlations with climatic variables have mostly a heuristic value, while the amount of observed growth incorporates biotic and abiotic effects on tree productivity. Nevertheless, larger tracheids found at the Subalpine site could represent an acclimation of limber pine anatomy to greater water availability (DeSoto et al. 2011; Martin-Benito et al. 2013) . The cross-sectional surface (or lumen area) of water conduits directly reflects the hydration status of the plant at the moment of cell formation during the growing season, and it represents the final outcome of complex mechanical and physiological trade-offs between structural development and resistance to drought in the hydraulic architecture of the stem (Sperry et al. 2006) . Water is needed to maintain cellular turgor during tracheid expansion, affecting the duration of the enlargement phase and the final tracheid size (Cuny et al. 2014) . This mechanism could then lead to significant differences in cellular parameters (e.g., lumen area and cell diameter), as was found at our study sites. Such anatomical response, which suggests a plastic ability to adapt, is consistent with reports of physiological acclimation to drought in limber pine populations (Letts et al. 2009 ), and has been found in other Great Basin conifers (Ziaco et al. 2014a ) as well as in other pine species from relatively dry regions ).
In the arid and semi-arid regions of the western US, dendroclimatic interactions are influenced by orography and topography (Bunn et al. 2011; Salzer et al. 2014) , thus climate sensitivity can be highly dependent on local conditions. In our study, water soil content during the growing season was quickly recharged by precipitation, but presence/absence of shrubs can modify the level of competition for resources, and a more abundant shrub layer was present b Fig. 6 Standardized tracheidograms (number of cells = 22) of a lumen area, b wall thickness, c cell diameter, and d wall-to-cell ratio measured in 2013 (left column) and 2014 (right column) at the Montane (Mon) and Subalpine (Sub) site. Empty symbols represent earlywood tracheids, while solid symbols identify the latewood; vertical bars represent ±1 standard deviation at the lower site compared to the higher one (Ziaco et al. 2014b ). Given the above-mentioned connections between climate and wood anatomical parameters, in particular lumen area and cell diameter, stand structure is unlikely to be responsible for the reduced growth rates found at the lower elevation. Vegetation changes reported when air temperature increases at high latitudes (Sturm et al. 2001) or elevations (Brandt et al. 2013) suggest that encroachment of shrub species is to be expected in those ecosystems under global warming scenarios. The resulting trends in species composition (Grabherr et al. 1994 ) and dominance relationships of tree communities (Kelly and Goulden 2008) would, therefore, be well represented by the currently greater shrub cover at the Montane site compared to the Subalpine one. In addition, we found no evidence of pronounced age differences between elevations; if trees at the subalpine site were older, phenology should have been even more different from the lower site, as greater stem age has been linked with shorter duration of xylogenesis and lower cell production for high-elevation conifers . Tree growth, and in particular wood formation, is a dynamic process regulated not only by environmental factors, but also by genetic mechanisms (Hertzberg et al. 2001; King et al. 2013) . While the contribution of genotypic plasticity in defining the chances for a given species to withstand new climatic and environmental conditions cannot be overstated (Alfaro et al. 2014; Sthultz et al. 2009 ), understanding temporal patterns of tree growth in response to environmental drivers is crucial to improve the interpretation of dendroclimatic records, since environmental parameters affecting wood production may have different effects in different periods of the growing season (Rossi et al. 2006b ). Trees in general hold a high degree of plasticity to respond to seasonal variations of environmental conditions, in particular water and temperature stress. The hydraulic architecture of newly formed tracheids, e.g., their size and number, can then preserve water transport and maintain hydraulic safety in dry environments (Bryukhanova and Fonti 2013) as well as in cold climates where freeze-induced embolism might occur (Pittermann and Sperry 2003) . Our results indicate that phenology and wood anatomy of P. flexilis in the Great Basin are linked to environmental conditions during the warm season (June-August). Therefore, increased summer heat and water stress predicted under global warming scenarios would shorten the growing season by anticipating the cessation of xylogenesis, leading to reduced productivity and carbon assimilation.
In conclusion, the ability to succinctly represent tree responses in a warmer and drier world can be captured using targeted field studies along elevation gradients, which simulate climatic changes together with their realized ecosystem feedbacks. The ability to observe in situ processes at sub-hourly intervals using automated sensors is crucial to evaluate global change simulations of tree growth responses at scales most relevant for natural resource management. Our study of a foundation tree species, made possible by newly established mountain observatories, quantified how warmer and drier conditions lead to a shorter growing season and a lower amount of tree growth, which were expressed as phenological and wood anatomical adaptations.
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